The introduction of screening for hepatitis B virus (HBV) surface antigen (HBsAg) has reduced the risk of overt HBV transfusion-transmitted infections (TTIs), although transfusion-transmitted infections continue to occur. In particular, occult hepatitis B virus infection (OBI) poses a threat to the blood supply. Individuals with OBIs are defined as those in whom viral DNA is detected in liver or blood by nested PCR or real-time PCR but in whom HBsAg is undetectable in serum by current commercial HBsAg assays. Occult HBV infection status can be associated with mutant viruses undetectable by current HBsAg assays (10, 11, 15, 17, 28) , but it may also be due to the suppression of viral replication and gene expression and virus secretion (2, 7, 13, 23) . The presence of an OBI can occur after recovery from an infection but anti-HBs remains present (21, 25, 29) or anti-HBc is the only marker (12) , or an OBI may even be the state in which no antibody makers may be present. The presence of HBV is detectable only if a highly sensitive method is used (8) . The viral load is mostly less than 10 4 IU/ml (4) and is often less than 200 IU/ml (24) . Indeed, immunosuppressed organ or bone marrow transplant recipients with anti-HBs or anti-HBc have been shown to be infectious. To prevent the transmission of such infections, screening for anti-HBc is not 100% effective. Additionally, screening of pooled blood donations, a common practice in blood banks, also decreases the sensitivities of the assays used (3) . Finally, if an HBV nucleic acid test (NAT) is used, it needs to be extremely sensitive to eliminate HBV DNA-containing units (1) .
In countries where HBV is endemic, such as China, research into OBI is limited by the lack of a suitable method for screening large numbers of samples. HBV NAT is procedurally cumbersome and incurs high costs. Thus, given these constraints, the use of an anti-HBc alone (serum antibodies against HBV core antigen in isolation) as a marker for OBI was investigated in the study described here, given that it may be a possible marker of infection (27) , with one study citing an OBI detection rate of between 5 and 10% for patients who tested positive for anti-HBc as the sole marker of HBV infection (4). The clinical epidemiology of blood donor OBIs is not known in China, and the present study attempted to determine the clinical and molecular characteristics of these infections in the context of other cohorts of HBV carriers. ]) were used to confirm the HBsAg status of the blood samples. The sensitivities of the five HBsAg assays ranged from 0.03 to 0.2 IU/ml. Testing for HBeAg, anti-HBs, and anti-HBc was performed by the Wantai ELISA. Anti-HIV, anti-Treponema pallidum (the syphilis spirochete), and anti-hepatitis C virus (anti-HCV) antibodies were detected by the use of the Murex ELISA products. All assays were performed according to the manufacturers' instructions and were performed on an ELISASTARlet automated system (Hamilton, Bonaduz, Switzerland).
MATERIALS AND METHODS

Serological
HBV DNA analyses. All specimens positive for anti-HBc alone were tested for HBV DNA. Viral DNA was extracted from 300 l of plasma by using a QIAamp DNA blood kit (Qiagen, Hilden, Germany). Six different primers pairs (Table 1) were utilized in the nested PCRs (which were performed by the procedures described in footnote a of Table 1) , with samples from all positive cases being retested. Samples that had a confirmatory positive PCR result and a negative HBsAg result were determined to be from individuals with OBIs. The viral load was determined by real-time PCR (Kehua Company, Shanghai, China). The PCR products were sequenced on an ABI Prism 3130X automatic genetic analyzer (Applied Biosystems), and phylogenetic analyses were performed by the neighbor-joining method (MEGA software, version 3.1).
Control cohort. The control cohort consisted of a group of HBsAg-positive individuals matched to the study group only by age and gender. Among this control group, 30 were prospective blood donors diagnosed with HBV infection, 60 were asymptomatic carriers, and 60 were individuals with chronic hepatitis. All specimens were collected from the Xiamen Center for Disease Control and Prevention, Xiamen, China. The samples were analyzed for serologic markers for HBV, viral loads, and the HBV genotype. The genetic diversity of the major hydrophilic region (MHR) in the S gene in HBVs from the controls was assayed and was compared with that of the MHR in the S gene in HBVs from donors with OBIs.
Statistical evaluation. Statistical analyses were performed by the MantelHaenszel 2 test and Fisher's exact test for categorical variables and by the Mann-Whitney analysis of variance test for continuous variables (Open Source Epidemiologic Statistics for Public Health [OpenEpi], version 2.3). Differences were considered to be statistically significant when the P values were Յ0.05. The demographic data collected included age, gender, and place of birth. The place of birth was included because the prevalence of HBV varies geographically (30) .
RESULTS
Of the 19,518 samples tested, 19,360 tested negative for HBsAg (by one rapid test and three ELISAs) and 158 sam- a The first round of PCR was performed with an outer primer set for 35 cycles (94°C for 40s, 55°C for 40s, and 72°C for 40s). The second round was performed with an inner primer set for 25 cycles (94°C for 40s, 57°C for 40s, and 72°C for 40s), followed by the extension reaction. Nested PCR products were subjected to electrophoresis on a 3% agarose gel stained with Sybr green and were visualized with a UV transilluminator.
b nt, number of nucleotides.
ples tested positive for HBsAg. Of the 158 HBsAg-positive (HBsAg ϩ ) samples, only 52 samples were positive by all three assays, 30 samples were positive by any two assays, and 76 samples were positive by only one assay. Of the 19,360 HBsAgnegative samples, 995 were positive for anti-HBc alone and 34 of the 995 samples were HBV DNA positive but negative by all six commercial assays for HBsAg (one colloidal gold immunoassay, five ELISAs). Thus, these samples were from individuals with OBIs and were negative by all six assays for HBsAg. For all 34 individuals with OBIs, primer set A had the highest sensitivity; and use of this primer set revealed 30 of 34 positive cases (88%), while 16 cases (47%), 15 cases (44%), 8 cases (24%), 7 cases (21%), and 6 cases (18%) were positive with primer sets Vq, C, S, P, and Hc, respectively. All individuals with OBIs were clinically asymptomatic and HCV, HIV, and T. pallidum free and had alanine aminotransferase (ALT) levels of less than 40 IU/liter. Samples from 4 of the 34 cases were excluded from sequencing because 2 cases tested positive by the use of primer set C and 2 cases tested positive by the use of primer set P, and these two primera set did not target the S gene, to which primer set A is targeted. The results of sequencing of the MHR of the S gene are shown in Table 1 . Table 2 compared the birthplaces, ALT levels, virus loads, HBeAg status, frequency of genotype C, and the mutations located in the MHRs of the S gene for the 30 individuals with OBIs identified, the 30 individuals diagnosed as being HBV carriers at the time of blood donation (HBsAg ϩ donors), the 60 asymptomatic carriers not from the blood donor pool, and the 60 hospitalized patients with chronic hepatitis. The viral load was significantly lower among the donors with OBIs than among the asymptomatic carriers or patients with chronic hepatitis (P Ͻ 0.001 and P Ͻ 0.001, respectively), but the difference was insignificant when the results for the donors with OBIs were compared with those for the HBsAg ϩ donors (P ϭ 0.065 Fig. 1 and is stratified by HBsAg status. The average level of amino acid diversity in the a epitope (aa 124 to aa 147) was significantly higher in the OBI group than any other control group (P ϭ 0.038 for donors with OBIs versus HBsAg ϩ donors, P ϭ 0.011 for donors with OBIs versus asymptomatic carrier groups, P ϭ 0.011 for donors with OBIs versus the group with chronic hepatitis) when amino acids known to be responsible for the determination of the serotype were excluded. The samples from the OBI group showed a significantly higher degree of variability in the region from aa 110 to aa 123 than the samples from any other HBsAg ϩ group (P ϭ 0.005 for donors with OBIs versus HBsAg ϩ donors, P ϭ 0.003 for donors with OBIs versus asymptomatic carriers, P Ͻ 0.001 for donors with OBIs versus patients with chronic hepatitis patients). A similar prevalence of mutations in the region from aa 148 to aa 165 was observed in each group (Table 1) . No insertions or deletions were detected in this region. The specific amino acid substitutions in the viruses from donors with OBIs were concentrated from aa 117 to aa 121 (P ϭ 0.005 for donors with OBIs versus HBsAg ϩ donors, P Ͻ 0.001 for donors with OBIs versus HBsAg ϩ asymptomatic carriers, P Ͻ 0.001 for donors with OBIs versus HBsAg ϩ chronic hepatitis) and aa 144 to aa 147 (P ϭ 0.001 for donors with OBIs versus HBsAg ϩ donors, P Ͻ 0.001 for donors with OBIs versus HBsAg ϩ asymptomatic carriers, P Ͻ 0.001 for donors with OBIs versus HBsAg ϩ chronic hepatitis), as indicated by a red box in Fig. 1 . Seven mutants (23.3%; 95% CI, 9.9 to 42.3%) with single-point or multipoint G145R mutations were found in the OBI group, whereas none were found in the other groups (P Ͻ 0.001 for donors with OBIs versus asymptomatic carriers and patients with chronic hepatitis, P ϭ 0.005 for donors with OBIs versus HBsAg ϩ donors).
DISCUSSION
The prevalence of occult HBV infections among non-A non-E chronic hepatitis cases is a function of several parameters. (i) The method of detection used (ELISA, PCR, or realtime PCR) affects the prevalence of occult HBV infections detected. (ii) If the PCR detection method is based, the primers selected will affect the sensitivity and the specificity of the test. In our study, six primer sets targeting different regions yielded sensitivities of between 18% and 88% for the OBI cohort. (iii) The population being studied affects the prevalence of occult HBV infections detected; e.g., the prevalence of blood donors with anti-HBc is likely to be very different from the prevalence of patients with chronic hepatitis positive for HBV DNA. (iv) Patients from areas where HBV is endemic are more likely to have occult HBV infections, if only because of the high numbers of infected individuals present. (v) The materials being tested, e.g., liver tissue or serum, affects the prevalence of occult HBV infections detected. Occult HBV infections are more likely to be found when liver tissue specimens than when serum specimens are tested.
The prevalence of OBIs varies greatly. A study from Hong Kong reported a prevalence rate of 6.9%, while the rate re- ported in Italy was 11% (19) . Among Canadian Inuits, the rate was 8.1% among subjects devoid of any HBV markers (22) . In northeast China, the prevalence rates of OBIs in IgG antiHBc-positive subjects were 100% (45/45), 86.7% (85/98), and 33.3% (14/42) in patients with cryptogenic chronic liver disease, HBsAg-negative patients with hepatocellular carcinoma, and HBsAg-negative healthy people, respectively. In these cases, the viral load was low (Ͻ10 4 viral copies/ml) (9) . In Taiwan, a study that used HBV NAT yielded 12 cases among 10,727 seronegative donations (0.11%) (18) . The rate reported in this paper is 34 of 19,360 HBsAg-negative donations, or 0.18%. The rate of detection is thus dependent on a number of factors.
In our study, the average age of the donors with OBIs was 30 years; and they had normal ALT levels, undetectable HBeAg, and very low viral loads. There were more males in the group that tested positive for anti-HBc only (n ϭ 995; ratio of males to females, 1.8:1) than in either the HBsAg-negative donor group (n ϭ 19,360; ratio of males to females, 1.2:1, P Ͻ 0.001) or the HBsAg-positive donor group (n ϭ 158; ratio of males to females, 1.1:1; P ϭ 0.008). The HBV genotype associated with clinical symptoms and disease progression was genotype C. This genotype is common in East Asian countries and has been linked with a higher risk of advanced hepatic disease, such as hepatocellular carcinoma (6, 16) . The amino acid substitutions in the S-protein MHR were found be different in strains from donors with OBIs than in strains from HBsAg ϩ donors. Amino acid substitutions were detected in the regions from aa 117 to aa 121 and aa 144 to aa 147 in donors with OBIs (P Ͻ 0.001) but not found in strains from HBsAg ϩ donors. It is interesting that these sequences are in the region (aa 119 to aa 124) which may interfere with hepatitis D virus (HDV) infectivity (14) . HDV particles are coated with the same envelope proteins (large, middle, and small surface antigens) found in HBV. HDV is thus considered an occasional satellite of HBV, because its capacity to propagate depends on the envelope proteins of HBV. If the potential role of aa 119 to aa 124 in the infectivity of HDV is confirmed for HBV, the high frequency of mutations in this region might participate in the mechanism of occurrence of OBIs. The amino acid residues from positions 120 to 123 were considered to be essential for the antigenicity of HBsAg in previous studies (26) . Mutants with mutations from aa 144 to aa 148, such as G145R and D144A, were reported to be the common escape mutants that interfered with HBsAg detection and/or mutants that evaded vaccineinduced neutralizing antibodies (5, 20) . Thus, mutations in these two regions may have played a crucial role in the occurrence of OBIs.
In conclusion, HBV genotype C and specific mutations in the MHR of the S gene were associated with the occurrence of occult HBV infection. The clustering of substitutions in the regions that change the antigenicity of HBsAg and/or virus infectivity may play a key role in the establishment and/or maintenance of occult HBV infections.
